The Asian monsoon is the most significant component of the global climate system. During recent two decades, a more and more efforts have been made to study the Asian monsoon. A substantial achievement has been made in basic physical processes, predictability and prediction since the MONEX of [1978][1979]. The major advance in our new understanding of the variability of the Asian summer monsoon has been highlighted in this paper. The present paper is structured with four parts. The first part is the introduction, indicating the new regional division of the Asian monsoon system and significant events of the history of the Asian monsoon research. The second part discusses the annual cycle and seasonal march of the Asian monsoon as the mean state, with a special emphasis on the onset, propagation, active-break cycle and withdrawal of the Asian summer monsoon. The process and mechanism of the earliest onset of the Asian summer monsoon which takes place in the near-equatorial East Indian ocean-central and southern Indochina Peninsula have been well documented. The third part deals with the multiple scale variability of the Asian summer monsoon, including the intraseasonal, interannual and inter-decadal variability. Their dominant modes such as 10-20 day and 30-60 day oscillations for the intraseasonal variability, the Tropospheric Biennial Oscillation (TBO), the Indian Ocean Dippole Mode (IODM) and teleconnection patterns for interannual variability and the 60-year oscillation for the inter-decadal variability, as well as related SST-monsoon relationship and land-monsoon relationship have been discussed in more details. The fourth part is the conclusion, summarizing the major findings and proposing future work.
Introduction
The Asian monsoon is characterized with a distinct seasonal reversal of wind and rapid alternation of dry and wet or rainy season in the annual cycle, which is concert with the seasonal reversal of the large-scale atmospheric heating and steady circulation features (Webster et al. 1998; Ding and Chan 2005; Trenberth et al. 2006) . About two decades ago, the Asian monsoon was mainly viewed as the Indian or the South Asian monsoon (ISM) in the English literature. The summer monsoon over East Asia was just thought of as the northward extension of the Indian monsoon, on the one hand, and on the other hand, the summer monsoon over the western North Pacific summer monsoon (WNPSM) was fully taken to be the eastward extension of the Indian monsoon (Ding 1994) . However, now it has been increasingly realized that the Asian monsoon system should further extend to incorporate these two regions due to similar features of monsoon climate, as a large amount of literatures has been contributed to the study of the East Asian summer monsoon (EASM) (Chang 2004 ) and the WNPSM in recent two decades (Murakami and Matsumoto 1994; Wu and Wang 2001; Wu 2002; Wang and Lin 2002; Wang et al. 2005a; Wang et al. 2005c) . Thus, the Asian-Pacific monsoon is demarcated into three sub-systems: the Indian summer monsoon, the western North Pacific summer monsoon and the East Asian summer monsoon (Fig. 1a) . The EASM domain defined by Wang and Lin (2002) includes the region of 20-45 N and 110-140 E, covering eastern China, Korea, Japan and the adjacent marginal seas. This definition does not fully agree with the conventional notion used by Chinese meteorologists (Tao and Chen 1987; Ding 1994; Ding and Chan 2005) , who usually includes the South China Sea (SCS) in the EASM region. Wang and Lin (2002) believe that the ISM and WNPSM are tropical monsoons in which the low level winds reverse from winter easterlies to summer westerelies, whereas the EASM is a sub-tropical monsoon in which the low-level winds reverse primarily from winter northerlies to summer southerlies. However, if the SCS region is included in the EASM, the EASM should be a hybrid type of tropical and subtropical monsoon. In the ISM region, the monsoon or seasonal changes of winds and rainfall could be interpreted as a result of northward seasonal migration of the east-west oriented precipitation belt accompanied by the inter-tropical convergence zone (ITCZ or TCZ) , while in the EASM region the seasonal march of the monsoon is displayed in the northward excursion of the planetary frontal zone or Meiyu-Baiu frontal system. So, one of main differences between these two monsoon sub-regions is the different effect of mid-and high latitude events. In the WNPSM region, the ITCZ is the dominating weather system which is the major birthplace of typhoons and tropical convective systems. At the upper level, the Asian monsoon region is dominated by the tropical easterly jet (TEJ) to the south of the huge South Asian high. The major monsoon rainfalls are located in the right sector of the jet entrance zone where the upperlevel divergence and low-level convergence, i.e. upward motion is observed (Fig. 1b, c) (Hoskins and Wang 2006; Chen et al. 2006) . In short, the Asian monsoon system is a huge monsoon system and constitutes an essential part of the Asian-Australian monsoon system. On the other hand, it is closely related to the African monsoon system through the TEJ.
The research of the Asian monsoon has a long history (Webster 2006) , but the substantial progress has been made since 1960's through a number of international and regional monsoon projects and field experiments such as the International Indian Ocean Expedition and NCEP/NCAR reanalysis , respectively. The three boxes define major summer precipitation areas of the Indian tropical monsoon (5 N-27.5 N, 65 E-105 E), western North Pacific tropical monsoon (5 N-22.5 N, 105 E-150 E), and the East Asian subtropical monsoon . (b) Climatological mean tropical easterly jet (150-100 hPa layer) over the Asian-African monsoon region averaged for summer (JJA) of . Isolines (Dashed: easterly; and solid: westerly wind) denote mean wind speed for 150-100 hPa layer. CD and CID are jet axis. AB is the demarcation line of entrance (right) and exit (left) zone. Div: divergence, Con: convergence, Up: upward motion, Dn: downward motion, R: rainfall region, and D: dry region. Unit: ms À1 . (c) Same as (b), but for rainfall and divergence (Unit: 10 À6 s À1 ). Shaded areas: >4 mm day À1 (IIOE) in the mid-1960s and in 1975 -1976 , the FGGE Monsoon Experiments in 1978 -1979 (MONEX) (Krishnamurti 1985) , the Coupled Ocean-Atmosphere Response Experiment in 1992-1993 (TOGA-COARE) (Webster and Lukas 1992) , the GEWEX Asian Monsoon Experiment (GAME) in 1996-2000 (GAME ISP, 1998), the South China Sea Monsoon Experiment (SCSMEX) in 1996-2000 (Lau et al. 2000; Ding and Liu 2001; Johnson et al. 2004) , the Bay of Bengal Monsoon Experiment (BO-MEX) in 1999 (Bhat et al. 2001 ) and the Joint Air-Sea Monsoon Interactive Experiment (JAS-MINE) in 1999 and the Arabian Sea Monsoon Experiment (ARMEX) in 2002 (Webster et al. 2002) . At the same time, a number of books, monographs and review papers written in English summarizing the major scientific achievements of the Asian monsoon in different periods have been published, including Monsoon Meteorology (Ramage 1971) , Southwest Monsoon (Rao 1976) , Monsoons (Fein and Stephens 1987) , Monsoon Meteorology (Chang and Krishnamurti 1987) , Monsoon over China (Ding 1994) , The East Asian Monsoon (Chang 2004) , The Global Monsoon System (Chang et al. 2005) and The Asian Monsoon . They provide international scientific communities with continuously updated input of knowledge of observations, processes, dynamics, prediction and socio-economic impact of the Asian monsoon. Now, it has been realized that the Asian monsoon can not only have significant regional implications for occurrence of floods and droughts and other significant disastrous events, but also can exert very important influences on the global climate system and the global climate prediction through, e.g., the tropical-extratopical interaction, the monsoon-ENSO relationship and the global teleconnection (Webster et al. 2005b; Ding and Wang 2005; Wang et al. 2005a) . During recent two decades, a more and more attention has been paid to study the Asian monsoon. Recent studies on the Asian monsoon have been devoted to the following aspects: (1) the global perspectives of the Asian monsoon; (2) the seasonal march and annual cycle of the Asian monsoon including the onset, activebreak cycle and withdrawal; (3) multiple-scale i.e. intraseasonal, interannual and interdecadal variability of the Asian monsoon; (4) the energy and water cycle of the Asian monsoon; (5) synoptic systems, mesoscale process and diurnal variations associated with the Asian monsoon; (6) large-scale physical processes and dynamics of the Asian monsoon, including dynamics of tropical waves, coupled monsoon system and SST-monsoon relationship, ecosystem-monsoon relationship and landmonsoon interaction, snow-monsoon relationship, Rossby wave-teleconnection theory and dynamical and thermal effects of the Tibetan Plateau; (7) predictability and prediction of the Asian monsoon; (8) the monsoon evolution in paleo-climate including centennial and millennial variability, and (9) impacts of the Asian monsoon on the socio-economic sectors, especially on the agriculture and water resources. The present paper will make a review to highlight major achievements and new findings concerning the above-described items (2) and (3) which are central issues of the Asian monsoon. Due to the space limitation, the review will be confined in the aspect of the summer monsoon.
2. Annual cycle and seasonal march of the Asian monsoon 2.1 The onset and the seasonal march of the Asian summer monsoon The Asian monsoon shows a strong annual cycle which distinguishes it from other monsoon systems over the world that have much weaker annual cycles. Observations indicate that the largest amplitude of the annual cycle of precipitation, zonal and meridional winds at low-level occurs in the Asian monsoon regions where there is the strongest atmospheric heating or heat sources driving the monsoon. In the process of the annual cycle, the onset of the Asian summer monsoon is a key indicator characterzing the abrupt transition from the dry season to the rainy season and subsequent seasonal change Qian et al. 2002; . It also marks the beginning of the summer monsoon season and arrival of monsoon rainfalls. Numerous investigators have studied this problem from the regional perspectives. It is to some extent difficult to obtain a unified and consistent picture of the climatological onset of the Asian summer monsoon in different regions due to differences in data, monsoon indices and definitions of monsoon onset used in these investigations. Ding (2004) has summarized the climatological dates of the onset of the Asian summer monsoon in different monsoon regions based on various sources, with dividing the whole onset process into four stages: (1) Stage 1 (late in April or early in May): the earliest onset in the continental Asia is often observed in the central Indochina Peninsula late in April and early in May. Over the ocean, one may trace earlier onset in the near-equatorial East Indian Ocean in late April. (2) Stage 2 (from mid-to late May): this stage is characterized by the areal extending of the summer monsoon, advancing northward up to the Bay of Bengal and eastward down to the SCS. (3) Stage 3 (from the early to the middle June): this stage is well known for the onset of the Indian summer monsoon and the arrival of the East Asian rainy season such as the Meiyu over the Yangtze River Basin and the Baiu season in Japan. At the same time, the summer monsoon over the western North Pacific extends from the SCS to the southwestern Phillipine Sea, accompanied by the increase in convective cloudness and the eastward shift of the ITCZ Wu 2002) . (4) Stage 4 (the early and middle July): the summer monsoon at this stage can advance up to Northwest India, North China, the Korean Peninsula (so-called Changma rainy season) and even Central Japan. After mid-July, the WNPSM and associated ITCZ further marches northeastward as monsoon rainfall and active convection abruptly penetrate to the region of 25 N, 150 -160 E in Pentad 42 (July 25-29) (Ueda et al. 1995) . This is the maturing process of the WNPSM which may maintain till late September, the major period of the typhoon season of the western North Pacific Wu and Wang 2001; Wang et al. 2005c . Figure 2 presents a climatological illustration of the onset process (Ding and Liu 2006a) . The earliest onset occurs in the end of April (the 24 th pentad) in the near-equatorial East Indian Ocean and Sumatra. Then the onset process propagates northeastward and northwestward, respectively. In western coast of the Indian subcontinent, the onset begins first across the Kerala coast, normally by the end of May or early June (Ananthakrishnan and Soman 1988) when heavy rains lash the coastal state after the cross-equatorial low-level jet is established across the Somali jet into the near-equatorial Arabian Sea and a cyclonic vortex, so-called onset vortex (Krishnamurti et al. 1981 ) is often observed. Then the Indian summer monsoon gradually advances northward across the western Indian subcontinent and eventually merges with the summer monsoon simultaneously propagating northwestward from the Bay of Bengal. By the middle of July the whole of the Indian subcontinent comes under the grip of summer monsoon. Therefore, the onset of the Asian summer monsoon is one of most important events, as a singularity of annual cycle of the monsoon. Furthermore, the onset process of the summer monsoon in a certain location or region is very rapid or even abrupt, with taking a couple of days or one week to complete the dramatic change from dry season to rainy season. Figure 3 clearly shows abrupt changes in rainfalls, OLR and 850 hPa zonal wind around the onset dates for the South China Sea, the Indochina Peninsula and the Indian subcontinent, respectively. The bursts of convective activity during the onset process are very significant (see the curves of OLR). The regional onset dates defined from and (3) 5 day-averaged precipitation rate > 6 mm day À1 . Wind and precipitation data are taken from NCEP/ NCAR Reanalysis (1961 Reanalysis ( -2000 , and OLR data are taken from NOAA /CDC . (Ding and Liu 2006a) and the 1 st -2 nd pentad of June for the Indian Peninsula). The abrupt increase in precipitation after the summer onset was previously indicated by various investigators, e.g., Ananthakrishnan and Soman (1989) for south Kerala, Matsumoto (1997) for the central Indochina Peninsula and Tao and Chen (1987) for the SCS.
The onset of the Asian summer monsoon brings with it a dramatic change in large-scale circulation features and weather situation. Numerous investigators have examined this problem from climatological and synoptic perspectives based on the large-scale wind, geopotential height, precipitation and OLR patterns (Lau and Yang 1997; Matsumoto 1997; Fong and Wang 2001; Ding and Liu 2001; Ding and Sun 2001; Wang and Lin 2002; Goswami 2005c; Ding and Liu 2006a) . Their detailed description will not be given, and instead, based on these studies, the sequence chain of significant events during the onset of the Asian summer wind may be identified below:
The development of a cross-equatiorial current in the equatorial East Indian Ocean (80-90 E) and off the Somali coast, and the rapid seasonal enhancement of heat sources over the Indochina Peninsula, South China, Tibetan Plateau, and neighboring oceanic areas, thus leading to seasonal reversal of sign of the tropospheric meridional temperature gradient in the Asian monsoon region. The acceleration of low-level westerly wind in the tropical East Indian ocean; Formation of a mid-tropospheric shear zone across the central Bay of Bengal to the Southeast Arabian Sea in which may be embedded a cyclonic vortex in most of cases, which may even intensify into a cyclonic storm either in the Bay of Bengal or the Southeast Arabian Sea (the onset vortex). The eastward and northward expansion of tropical monsoon from the tropical East Indian Ocean, initiating the arrival of the summer monsoon and associated rainy season in the regions of the Bay of Bengal and Indochina Peninsula with involvement of impacts from mid-latitudes; The significant weakening, breaking around the Bay of Bengal and eastward retreat of Fig. 3 . Annual changes in 850 hPa zonal wind (Unit: ms À1 ), OLR (Unit: Wm À2 ) and precipitation (Unit: mm day À1 ) averaged for the SCS (a), the Indochina Peninsula (b) and the Indian Peninsula (c). Data sources are same as Fig. 2 . (Liu and Ding 2006a) the main body of the subtropical high, and eventual onset of the SCS summer monsoon with convective clouds, rainfall, low-level southwesterly wind and upper-level northeasterly wind suddenly developing in this region. The ITCZ or TCZ usually used in the ISM region and accompanying zonally oriented precipitation belt rapidly moves from a mean position about 5 S in winter and early spring to about 20 N in northern summer with the progress of the monsoon onset in the Indian subcontinent. Significant development and northwestward movement of the South Asian high at 200 hPa, thus leading to establishment of the tropical easterly jet on its southern flank and rapid northward jump of the upper-level westerly jet on its northern flank over the northern Tibetan Plateau.
A number of investigators have studied the problem on generation and maintenance of deep tropospheric heat source in the north which is a central issue of the onset of the Asian summer monsoon. They have found that the heating over the Tibetan Plateau plays an important role in the seasonal evolution of the meridional gradient of heating and in triggering the onset of the Asian summer monsoon (Murakami and Ding 1982; Ding 1992a; Yanai et al. 1992; Wu and Zhang 1998; Ueda and Yasunari 1998; Yanai and Wu 2006) . Goswami (2005c) used the evolution of the mean temperature of the tropospheric layer between 200 hPa and 700 hPa averaged between 30 E and 110 E to illustrate the seasonal evolution of the meridional gradient of tropospheric heating. The change in the sign of meridional gradient of the tropospheric temperature ushers in the setting up of an offequatorial large-scale deep heat source. The monsoon onset itself is a problem of internal atmospheric dynamic involving the instability of the basic flow in tropics. However, the change in the large-scale heat source is a necessary prerequisite. The atmospheric response to such a heat source leads to cross-equatorial flow and strengthening of the low-level westerlies. This causes the zero absolute vorticity line in lower atmosphere to move north of the equator to about 5 N facilitating symmetric inertial instability (Tomas and Webster 1997; Krishna Kumar and Lau 1998) . The change in the sign of meridional gradient of tropospheric temperature thus makes the circulation conducive for symmetric instability that forces frictional boundary layer convergence, overcomes the inhibition from the subsidence above the planetary boundary layer over the Indian continent and the Bay of Bengal caused by compensating subsiding air of the convection over the Maritime Continent during April and May and capping effect of southward flow of dry and colder air on pre-existing moist and warm air, and leads to explosive development of off-equatorial convection over India and the Bay of Bengal and the subsequent onset of the Indian summer monsoon.
The reversal of the meridional temperature gradient has a significant regional difference, with the earliest reversal taking place in the region from the eastern part of the Bay of Bengal to the Indochina Peninsula (Fig. 4) in the early May (Wu and Zhang 1998; Ding and Liu 2006a) . And this reversal process was first found in the upper troposphere and then it rapidly propagated downward, mainly through vigorous convective vertical transport of strong sensible and latent heat through (Yanai et al. 1973; He et al. 1987; Yanai et al. 1992; Li and Yanai 1996; He et al. 2006) . The sensible heat driven air-pumping effect also plays a considerable role in vertical heat transport (Yanai and Wu 2006) . Then, the reversal process extends eastward to the SCS (the 4 th pentad of May) and westward to the Indian Peninsula (the 1 st -2 nd pentad of June). Timing of the large-scale reversal of the meridional temperature gradient is fully consistent with onset dates of the summer monsoon in these regions. The cause why the earliest reversal of the meridional gradient occurs in the Indochina Peninsula rather than the Indian Peninsula is attributed to earlier occurrence of sensible and latent heating and vigorous convective activity over the land of Indochina Peninsula under favorable effect of upward motion ahead of the Indian-Burma trough. In contrast, at this time the Indian Peninsula is located behind the trough where downward motion suppress the development of convection (Wu and Zhang 1998; Zhang and Qian 2002; He et al. 2006; Ding and Liu 2006a) . The summer monsoon progress over the Western North Pacific (WNP) cannot be explained by the change in the tropospheric heat source that reflects the land-sea thermal contrast. The results obtained by most of investigators suggest that the summer monsoon advance over the WNP may result from air-sea interaction. The key is to understand the role of SST change and SST gradient as well as related feedback processes. The zonal asymmetry in SST between western and eastern Pacific along 10 -20 N is thought to be a leading factor for the derelopment of the WNP summer monsoon (e.g., Murakami and Matsumoto 1994) . indicated the importance of the development of a warm SST tongue around 20 N and 150 -160 E in early July. The northeastward monsoon advance over the WNP seems to follow the northeastward extension of the warm SST tongure which is created by the cloud-radiation and wind-evaporation feedback processes. Monsoon-induced changes in cloudiness and surface wind produce contrasting changes in surface short-wave radiation, and latent heat flux between the convection and pre-convection region. The resulting SST tendency difference turns around the SST gradient east of the convection region in about one month, and induces the northeastward shift of the highest SST center. Under this condition, the convective instability and low-level moisture convergence increase, thus triggering convection and atmospheric destabilization and subsequent monsoon onset.
After the onset of the Asian summer monsoon, the monsoonal rainfall, the TCZ or ITCZ and other properties or variables (e.g., y se ) assume significant northward advance, but with quite marked regional differences. In India, the seasonal advance of the monsoon gradually proceeds northwards. However, the northward progress is not a fully smooth affair as well and takes place often in surge or in stages, interspersed by periods of weakening or stagnation of monsoon activity (Gadgil and Kumar 2006) . For each surge or stage, the advance process is accompanied by a synoptic-scale disturbance pushing the leading boundary of monsoon either northward or westward. Along the Indo-Ganetic Plains the advance of the monsoon occurs from east to west and is associated with the formation of 2 or 3 monsoon depressions/lows (Ding and Sikka 2006) . The monsoon advances takes nearly 3 to 4 weeks to cover the entire Gangetic Plains. Thus, the advance of the monsoon over the entire subcontinent is a rather slow process taking on average nearly 40-45 days from its start off Kerala around 31 May to its culmination by mid-July over central Pakistan. The ITCZ or monsoon trough and accompanying major rain belt in this region move farther northward compared to the ITCZ in the WNPSM region and reaches the northernmost latitude (@25 N) in midJuly. The climatological pentad-mean maximum rainfall rate (10-12 mm day À1 ) occurs in early June. Note also that another rain belt is located at 5 S, and the Indian monsoon rain has a close linkage with the equatorial convec- (Ding and Liu 2006a) tion throughout the entire summer. On the other hand, in the East Asian-West Pacific regions, the ITCZ or the tropical rainfall belt is located in the latitudinal range of 5@25 N, after the onset of the summer monsoon. There is no such near-equatorial convective band as in the Indian region. The maximum intensity and the northernmost location (@25 N) are observed in August when the subtropical high over the western North Pacific considerably moves northward. North of the ITCZ, there is another significant seasonal rain belt which is separate from the ITCZ and propagates northward in a stepwise way, not in continuous way. Numerous studies have demonstrated that it generally undergoes three standing stages and two stages of abrupt northward shifts (Ding 1992b) . These stepwise northward jumps are closely related to seasonal changes in the general circulation in East Asia, mainly evolution of the planetary frontal zone or the MeiyuBaiu frontal zone, the upper-level westerly jet steam and the subtropical high over the western North Pacific. The peak rainy seasons tend to occur primarily in three standing stages i.e., the first standing period from May to mid-June for the presummer rainy season in South China and Taiwan, the second standing period from mid-June to mid-July for the Meiyu-Baiu-Changma rainy season, and the third standing period from mid-July to midAugust for the rainy season in North and Northeast China and tropical western North Pacific. From the end of August to early September the monsoon rain belt rapidly moves back to South China, with most of the eastern part of China dominated by a dry spell, which symbolizes the termination of the East Asian summer monsoon. Therefore, in the EASM region, the monsoon rainy season has a shorter duration and weaker precipitation intensity than the ISM and the WNPSM which generally end in the late September and the late October, respectively (Li et al. 2005; Wang et al. 2005a, c) . In addition, in the EASM region, three separate low-level westerly wind systems originating in the mid-latitude, subtropical and tropical regions, respectively, actually exist, and their interaction sets a large-scale stage for occurrence of many significant weather and climate events in this region that is very unique in the world monsoon climate zone.
2.2 Active-break cycle and retreat of the Asian summer monsoon The active and break periods of the monsoon are characterized by precipitation maxima and minima over South Asia, depending on the season (Webster et al. 1998) . These periods are thought to be associated with shifts in the location of the monsoon trough in India (Krishnamurti and Ardanuy 1980; Ding and Sikka 2006) . During the active period of the monsoon, the monsoon trough is generally located in the central and northern Indian Peninsula. The break monsoon phenomenon is a reverse of the active monsoon spell over central and northern India. During the monsoon break the monsoon trough hugs the Himalayan rim, the low-level easterlies disappear entirely along the IndoGangetic plains and are replaced by westnorthwest flow along the periphery of the Himalayas, resulting in decrease of rainfall over much of India, but enhanced rainfall in the far north and south. These anomalies are largescale and extend across the entire South Asia. Active and break cycles vary in duration and may last between a few days and weeks. They are significant variations on the intraseasonal scale to cause alterations between wet spells and dry spells. The phenomenon of break monsoon has been of interest because prolonged droughts often occur during intense break. For example, a prolonged break situation in the peak monsoon of July in 2002 not only resulted in rainfall deficit of the month of July, but also caused a seasonal-scale drought over the whole country (Gadgil and Joseph 2003; Gadgil and Kumar 2006) . The break and active periods clearly demonstrate the two modes of the South Asian monsoon system at the intraseasonal scale (ISO). Figure 5a shows active minus break composite of intraseasonal anomalies (10-90-day filted) of precipitation and 850 hPa wind (Goswami 2005c) . It can be seen that the meridional shear of the low-level zonal wind and cyclonic vorticity at 850 hPa are significantly enhanced (weakened) during an active (break) phase of the ISO. Hence, conditions for cyclogenesis are much more favorable during an active phase compared to a break phase. Based on the analysis of genesisi and tracks of low pressure systems (LPS) for 40 years , Goswami et al. (2003) show that genesis of the LPS is nearly 3.5 times more favorable during an active condition compared to a break condition of the monsoon (Fig. 5b) . They also show that the LPS are spatially strongly clustered to be along the monsoon trough region during an active phase.
The above result has shown that there is an association of active and break periods of the monsoon with the ISO. Numerous investigators have studied this problem, with a special emphasis on the role of 30-50 day oscillation (MJO mode) and 10-20 day oscillation in modulating the active-break cycle of the summer monsoon (Yasunari 1979; Sikka and Gadgil 1980; Krishnamurti 1985; Krishnamurti and Surgi 1987; Goswami 2005c) . Their observations have revealed that the active and break period of the Indian summer monsoon or the wet and dry spells over the Indian continent are manifestation of repeated northward propagation of the TCZ or the monsoon trough from the equatorial position to the continental position and results from superposition of 10-20-day and 30-60-day oscillations. Krishnamurti and Ardanuy (1980) examined the 10 to 20-day waves at 20 N, utilizing 30 years of sea level pressure. They noted that alternate passage of troughs and ridges of these west-propagating oscillations modulated the pressure of the monsoon trough over northern India, and there is a strong relationship between the arrival of the ridges of these waves over the central India and occurrence of breaks in the monsoon. On the other hand, the arrival of ridges of northward and eastward propagating 30-50-day mode over the region of a climatological monsoon trough has been known to coincide with the periods of occurrence of breaks in the summer monsoon (Yasunari 1980; Krishnamurti 1985) . The nearly simultaneous arrival (phaselocking) of ridges of these two ISO modes appeared to modulate the pressure of the monsoon trough considerably. Recently, a number of investigators have found similarities in the ISO and the interannual oscillation of monsoon system (Krishnamurthy and Shukla 2000; Large number of LPS during active phase are strongly clustered to be along the monsoon trough. The few LPS that form during breaks clearly avoid the monsoon trough region and form either near the foothills of Himalayas or off the western coast and move westward (Goswami et al. 2003 ).
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). This is not surprising as it is due to the dominance of two modes of active and break of monsoon activity in the monsoon season (Ding and Sikka 2006) . The breaks in the monsoon also occurs under mid-latitude interaction in which case a westerly trough in the upper-middle troposphere and the associated western disturbance in the lower troposphere greatly influence the activity of the monsoon trough over the Indo-Pakistan region. The western disturbances from midlatitude can shift the monsoon trough to the foothills of the Himalayas, thus leading to the break in the monsoon when the monsoon has already remained active over central and northern India for 10-15 days and it is time for intraseasonal reversal of the monsoon activity in terms of rainfall as the ridge phase of the ISO is approached over the northern Bay of Bengal (Ding and Sikka 2006) .
In the East Asian monsoon region, the similar active-break cycle of the summer monsoon is climatologically observed. After the presummer rainy season in May and early June in South China and the Meiyu-Baiu rainy season from the early June to mid-July in the Yangtze River basin and Japan are terminated, breaks of the monsoon rainy period occur, respectively. Breaks of different spans are observed in South China, Taiwan, central East China, Northeast China and Korea (Chen et al. 2004; . Therefore, the monsoon rainfall variation during the warm season in East Asia is generally characterized by two active rainfall periods separated by a break spell. The northward passage of the Meiyu-Baiu rain band is followed by a break spell (monsoon break) which also propagates northward. Then the monsoon rainfall revival after the break is clearly observed. Chen et al. (2004) has shown that the monsoon revival in East Asia is caused by different mechanisms associated with the development of other monsoon circulation components including the ITCZ, typhoons, and weather systems in mid-latitudes. Therefore, the seasonal variations with the dual peak in South China and Southwest China and the triple peak in the Yangtze River basin can be observed. In the Yangtze River basin, in addition to two peaks associated with northward advance and southward retreat of the summer monsoon, respectively, the first peak occurring before the onset of the summer monsoon in East Asia (the 25 th pentad) is produced by frontal systems (the spring rainy season). It seems that the active-break cycle of the monsoon is mainly observed in the region to the south of the Yangtze River where the rainfall events are greatly affected by tropical and subtropical summer monsoon. Farther northward, only single peak of rainfalls is observed in North China, implying that the active-break cycle is not very marked. For Changma rainy season in Korea, the peak rainfall occurs in the period of late June-mid-July. Afterwards, a short break is generally observed in the late July. Starting from mid-and late August, the revival of monsoon rainy period is also observed (Chen et al. 2004 ). This second rain spell is not long and it maintains until early September, forming the autumn rainy season in Korea . In Japan, the autumn rainy season or the Shurin season (Akisama) generally takes place during the period of September 6-26 after the Baiu season (e.g., Matsumoto 1988) . Previously, the Shurin frontal zone is regarded as the polar frontal zone with strong temperature gradient in both Japan and China, but according to the later study made by Matsumoto (1988) , the Shurin frontal zone is characterized by a weak thermal gradient (@4 C/1000 Km) and a strong moisture gradient (@5 g/Kg/ 1000 Km) to the west of 130 E along the southern coast of Japan like the Baiu frontal zone, with little sunshine observed (Inoue and Matsumoto 2003) . However, the stagnating nature of the Shurin frontal zone was less pronounced than the Baiu frontal zone. During the Shurin season, the mid-latitude westerlies shows a blocking pattern over Eastern Eurasia. In China, the autumn rainy season begins in early September and ends in mid-October, with pronunceed occurrence over western China and the Yangtze River delta (Kao and Kuo 1958) . This rainy season causes the second and third peaks of precipitation in southwest China and the Yangtze River basin, respectively. The end of the autumn season, accompanied by the southward shift of the subtropical jet stream over the Tibetan Plateau, is nearly simulataneous with the end of the Indian summer monsoon (Yeh et al. 1958) .
The retreat of the Asian summer monsoon has been earliest observed in East Asia, which generally starts from the 44 th pentad (6-10 August). The process of the retreat is very rapid, taking only one month or even less to retreat from northern to southern China. Two pentads later, the low-level southwesterlies disappear in the region to the south of the Yangtze River basin. Early in September, the leading zone of the summer monsoon quickly withdraws southward to the northern part of the South China Sea and then is stationary there, marking the end of the summer monsoon in East Asia. Matsumoto (1997) also indicated that the monsoon westerlies are already replaced by easterlies in the northern part of the South China Sea in early September, while monsoonal westerlies are still dominant over the Indochina Peninsula, until late October when the summer in East Asia fully ends over Southeast Asia. So, the life cycle of the activity of the East Asian summer monsoon is about four months from May to early September. The retreat of the Indian summer monsoon begins in the western parts of the Northwest Indian state of Rajasthan in early September (Gadgil and Kumar 2006) . Thus, the effective duration of the southwest monsoon rains over this area is only about one and a half month. The southward retreat of the summer monsoon rains continues rapidly until about the middle of October, by which time it withdraws completely for the northern half of the Indian Peninsula. During the period of October and December, major parts of South Asia is generally dry, only with the south and southeast peninsular of India and Sri Lamka receiving significant amounts of rainfall. By the end of December when the northeast monsoon blows with its full strength over the northern Indian Ocean, the rainy season has practically ended (Matsumoto 1990; Ding and Sikka 2006) . In the WNPSM region, the summer monsoon retreats latest, generally in the end of October. Therefore, the summer monsoon season has a life cycle of about five months from June to October in this region (Li et al. 2005; Wang et al. 2005c ).
Multi-scale variability of the Asian summer monsoon
The annual cycle of the monsoon is a major component of its variability, which is usually used to define typical seasonal character and evolution of the monsoon system as well as related singularities. However, other modes of the monsoon variability such as intraseasonal, interannual and inter-decadal are of the most interesting and important due to their close association with anomalous, significant weather and climate events.
Intraseasonal variability (ISV)
The character of the intraseasonal variability in the Asian monsoon region is especially prominent and unique, with their well-organized structures, preferred propagation paths and significant regional or local modulating effect on the monsoonal rainy seasons. The initial recognition of the intraseasonal variability or oscillation came in the early 1970's with the discovery of the 30-60 day or 40-50 day intraseasonal oscillations in the tropics named later as the Madden-Julian Oscillation (MJO) (Madden and Julian 1971), and a very active research period was followed due to the thrust of the MONEX /FGGE of 1979 (Krishnamurti 1985) . The space-time structures and propagation of the ISV have been studied by a number of investigators (e.g., Goswami 2005a; Waliser 2005) on the global basis through the analysis of wind, rainfall and OLR fields. They have revealed the ISV eastward propagation and equatorially trapped character, baroclinic nature of the wind anomalies, the global scale characterized primarily by wave number 1 for wind and wave number 2 for rainfalls and its connections to mid-latitudes and the boreal summer monsoon. In particular, the relationship between the global ISV and the Asian summer monsoon has been extensively studied, and many new findings have been made of the strong dependence of the ISV periodicity, amplitude and propagation on geographical regions and seasons (Li et al. 2005 ) and its modulating effect on the monsoon activity (active and break periods) and dry and wet spells. The typical ISV or ISO structure of summer rainfall anomalies in the entire Asian monsoon region is characterized by the fact that positive rainfall anomalies in the western and central Indian Ocean occur in conjunction with negative rainfall anomalies over a region extending between India and the equatorial western Pacific. This system appears to propagate in both an eastward and northward direction, especially in the longitudinal range between 80 E and 130 E. In this longitudinal sector the very evident northwardpropagating phenomenon is studied by many investigators (e.g., Yasunari 1979; Lau and Chan 1986a) . Two dominant modes of the ISV in the Asian monsoon region have been identified during the Asian summer monsoon: the 10-20 day and 30-60 day oscillations. In addition to the above-described ''synoptic'' ISO events, ''the Climatological ISO'' (CISO) (Wang and Xu 1997) have been detected and examined by a number of studies. This CISO is produced due to the enough year-to-year similarity in the Asian summer monsoon. Figure 6 presents the pattern of the intraseasonal variability (30-90 days) and its comparison with annual rainfall variability and interannual variability for the Northern Hemisphere summer seasons (Waliser 2005) . The annual standard deviation exhibits strong variability in either side of the equator, which is a depiction of the annual meridional migration of the tropical rainfall band. As indicated in Section 2, this is a fundermental manifestation of the monsoon. The map of interannual variability emphasize the connection to monsoonrelated SST variability in the tropical Pacific Ocean (See Subsection 3.2). It can be seen that its pattern is rather similar to that of the ISV which implies a close link of the latter with the interannual variability. The map of the ISV illustrates two important features. First, the intraseasonal rainfall variability is as large or larger than the variability associated with the other time scales illustrated. Second, it tends to be relatively most prominent in the Asian and Australian monsoon sectors, with the maximum variance observed in the tropical East Indian Ocean and the Bay of Bengal, and the South China Sea and tropical western North Pacific. Wang et al. (2005a) have obtained the similar results by using the OLR data. In early summer (MJJ), the largest 20-60 day variance is located in the equatorial eastern Indian Ocean and the Bay of Bengal. In mid-and late summer (ASO), the 20-60 day variability in the Indian sector weakens significantly while the strongest variability is shifted to the western North Pacific between 5 N and 20 N with extending from 110 E to 170 E. The 10-20 day intraseasonal variability in general has a similar subseasonal variation as that of the 20-60 day disturbance, with comparable variances (Wang et al. 2005a ). However, the 10-20 day disturbances have prominent westward propagation from the Philippine Sea and appears to be more active in the Meiyu region, the South China Sea, and the Indochina Peninsula than in the Indian monsoon region (Murakami 1980; Lau 1992) . The synoptic disturbances with period shorter than 10 days have the largest variance everywhere in the monsoon domain.
Overall the synoptic variability in the East Asian sector is larger than that in the Indian sector. Wang et al. (2005a) have pointed out that the synoptic scale disturbances in the East Asian summer monsoon have its unique subtropical features, which are associated with the Meiyu-Baiu front system, ranging from meso-g scale to synoptic scale (e.g., Ninomiya and Murakami 1987; Ninomiya 2004; Johnson and Ding 2005) . The ISO life cycle is characterized by its initiation and eastward propagation of convective anomaly over the Indian Ocean, followed by poleward propagation, with the northward-moving branch having greater amplitude than the southward-moving branch (Kemball-Cook and Wang 2001; Wang et al. 2005a ). The transition of convection from the Indian Ocean to the western Pacific occurred next, followed by dissipation of the current cycle and initiation of subsequent cycle. Furthermore, the ISO life cycle may be further divided into two periods of the early (May-June) and late (August-October) summer which have several different significant characteristics. The ISO in the early summer shows strong eastward movement of convection along the equator in both the Indian and the western Pacific Ocean, while the convection in the late summer has a weaker eastward propagation signal along the equator, and displays a discontinuous jump from the Indian Ocean to the western Pacific and then strong northwestward propagation of convection in the western Pacific. This difference of the ISO life cycle between the early and late summer reflects the seasonal shift of atmospheric conditions (increased easterly vertical shear and low-level specific humidity) in which the westwardpropagating Rossby wave is more favorably emanated. The amount and character of ISO associated with the Asia monsoon system varies considerably from year to year. In terms of variance, the typical change from year to year is on the order of 30%. Thus, the variations are considerable and have a profound impact on the year-to-year character of the summer monsoon, with interannual variations producing a rectified signal onto the seasonal mean state and variability. A number of observational and modeling studies on interannual variations of the ISO have tended to fall into ISV. In this case, the data were band-pass filtered, retaining periods between 30 and 90 days. The variance of these intraseasonal anomalies was computed for the June-September periods separately; values shown in terms of standard deviation (Waliser 2005) .
mechanisms responsible for producing observed interannual variability of the ISO and the ISO modulating effect of the interannual character of the boreal monsoon (Waliser 2005) . In these two aspects, major results showed that: (1) the observational and model predictability studies found a very weak negative correlation between tropical interannual SST variability and MJO activity (Slingo et al. 1999 ), but with significantly enhanced predictability during El Nino events (a decrease in the ISO activity). But, Lawrence and Webster (2001) found very little relationship between ENSO and boreal summer ISO activity, suggestive of at most intermittent predictability. On the other hand, Teng and Wang (2003) indicate a much more robust relationship of significant positive relationship with interannual eastern Pacific SST variability for the westward propagating component of the ISO; (2) the intraseasonal ''cloudiness fluctuations'' exhibited longer periods during El Nino years (Yasunari 1980) . The character of the monsoon may be influenced via the ENSO-related sensitivity of the northwestward propagating component of the ISO and variations of the boreal summer ISO (Teng and Wang 2003; Flatau et al. 2003) . But, there is still a need to sort out more clearly the effects from ENSO; and (3) the interannual and intraseasonal fluctuations share a common mode of spatial variability as indicated in Section 2. The ISO activity exhibits a strong inverse relationship with the seasonal mean Indian summer monsoon strength (Krishnamurthy and Shukla 2000; Lawrence and Webster 2001) . Strong monsoon tended to have few intraseasonal variability whereas weak monsoon tended to have more. The common patterns shared by principal intraseasonal and interannual variability may be explained by the conclusion that the ISO of the monsoon was the fundamental building block of interannual variability.
The inter-decadal variability of the MJO activity is characterized by a positive ''trend'', possibly with a transition to greater activity around the late 1970's and/or a very low frequency (@30 years) of variability (Slingo et al. 1999) . This trend may be possibly associated with the low-frequency SST warming over the Indian Ocean. For the ISO, Zveryaev (2002) further revealed a strong positive correlation on inter-decadal time scales between Indian Ocean SSTs and both the summer mean lowlevel zonal winds and the boreal ISO intensity. In addition, it was found that the 10-20 day intraseasonal variability showed evidence of increasing in intensity over much of the Asian monsoon region.
The intraseasonal oscillation can play a very important role in modulation of the seasonal variation or the annual march of the Asian monsoon, thus leading to occurrence of singularities and significant events as well as quasi-periodic phenomena. At least, the ISO is closely related to such intraseasonal variations or events as the onset and active-break cycle of the monsoon, establishment and break /revival cycle of rainy period, synoptic disturbances and tropical cyclones, cold surges and moisture transport of the monsoon. In Section 2, the association of the ISO with the onset and the active-break cycle of the summer monsoon has been discussed on the basis of synopticclimatological events. For the CISO, its cycles regulate significantly the onset, duration, break and retreat of rainy periods in the Asia monsoon region (Wang et al. 2005a ). Lin and Wang (2002) have found three principal CISO cycles in the East Asian summer monsoon. The first cycle (cycle I) is associated with the northward migration of subtropical front (wet phase) and subtropical high (dry phase) in June. The onset of the summer monsoon may be viewed as the beginning of the occurrence of the first major intraseasonal oscillation accompanied by a northward propagation of the precipitation maximum and monsoonal flow (e.g., u-component). The wet phase of the cycle-I in mid-June marks the grand onset of the Asian monsoon, i.e., the continental Indian summer monsoon, Meiyu/Baiu and western Philippine Sea, while the dry phase of this cycle in early to mid-July corresponds to a grand CMB (the climatological monsoon break). The second and third CISO cycles, occurring after the CMB, are characterized mainly by westerward propagation from 150 E to 80 E of wet and dry phases, peaking in mid-August and last active phase in mid-October of the western North Pacific summer monsoon. Kang et al. (1999) pointed out that another northward propagation of the CISO in East Asia may be observed around early August (in the cycle-II). The extreme phases of the CISO indicate wet or dry events occurring in a fixed pentad on a regular basis i.e., monsoon singularities (Wang and Xu 1997) . The propagation of the CISO links monsoon singularities occurring in different regions. The above studies on the CISO may provide a framework to understand, and even predict, regional monsoon onset and climatological features of regional rainy seasons.
The ''active'' and ''break'' phase of the ISO has the close relationship with the genesis and tracks of the low pressure system (LPS) in the Indian summer monsoon region which is indicated in Section 2. Based on recent climatological study by , the MJO has a significant effect on the genesis of typhoons over the western North Pacific. During the ''wet'' and westerly wind phase of the MJO, the genesis of typhoons tended to be more frequent whereas during the dry phase the genesis of typhoons tended to be less frequent.
The ISO activity may also play an important role in triggering and abrupt terminating of El Nino events through changing the large-scale wind and convection fields. In the triggering process, the westerly wind bursts and enhanced convective activity were caused by the ISO or MJO passages (Lau and Chan 1986; Nitta et al. 1992; McPhaden 1999) . The abrupt termination of the 1997-1998 El Nino event was associated with an abrupt intensification of the easterly trade over the eastern equatorial Pacific Ocean, excited by a exceptionally strong MJO traveling around the equator in May 1998 (Takayabu et al. 1999) .
The monsoon rainfall and the activity of the rainfall-generating synoptic systems in the Asian monsoon region are generated/ modulated by the coupling of the global intraseasonal mode with the regional 30-60-day monsoon trough/ridge, and the westward propagation of the 12-24-day monsoon mode. This downscaling interaction can clearly be reflected in effect of the global intraseasonal modes on intraseasonals of the hemispheric and regional moisture transport and water vapor budget (Chen 2006) . For example, water vapor transport is fluctuated by the 30-60-day oscillation, especially in the Meiyu rainfall belt in East Asia.
The physical processes and theory for the intraseasonal oscillations have been studied by numerous investigators, which were reviewed by Wang (2004) , Hoskins and Wang (2006) , Waliser (2005 Waliser ( , 2006 , and Webster (2005 Webster ( , 2006 . Here only a very concise summary is presented to highlight major achievements in this subject. The major scientific problems involved in the physical processes and theory of the ISO have been identified below: (1) plantetary-scale wave, with core large-scale system and convective activity, (2) the slow eastward and northward propagation in the near-equatorial region, (3) the off-equatorial westward propagation in the boreal summer, (4) coupling to the ocean, clouds, radiation, mean state circulation, land surface conditions, and mid-latitude variability, and (5) instability/maintenance. The earlier efforts were directed to instability mechanisms of the MJO, with dealing primarily with the atmosphere alone, which include the CISK and Wave-CISK. In these studies, low level convergent (divergent) areas of equatorial wave motions were tied to atmospheric heating (cooling) to examine the influence on instability growth and propagation speed. The notable shortcomings of earlier contributions in this area involved a tendency to amplify short rather than planetary-scale wave and to have phase speeds for the excited waves propagating too fast (Waliser 2005) . Later, the ''frictional wave-CISK'' and the ''evaporation-wind-feedback'' theories were put forward to illustrate the propagation and growth/maintenance of the MJO, with inclusion of boundary layer friction and coupling between moist Kelvin and Rossby modes for the former (Wang and Rui 1990 ) and the positive surface evaporation anomalies for the latter, thus leading to the increase in the low-level moist static energy to the east of the convection region and unstable eastward propagating mode of MJO-like convection region (Yano and Emanuel 1991) . The above suggested and other similar mechanisms (e.g., discharge-recharge hypothesis (Blade and Hartman 1993) ) all emphasized the importance of local feedback. Although the MJO/ISO is not consistent with a stationary oscillation that might ensure when considering only local feedback, it is possible that the above sorts of mechanisms play complimentary roles to those that are based on a wave-like infrastructure, including establishing instability, setting time scale and propagating the signal. Wang (2004) has recently made an attempt to provide a comprehensive view of MJO/ISO theory of ''frictional CID'' with combining of frictional wave-CISK and ''Convective Interaction with Dynamics''. He takes into account most essential processes and feedbacks, with basics of instability deriving from low-frequency equatorial waves, convective latent heating, boundary-layer friction, and the spatial distribution of atmospheric moisture. The frictional CID model is able to simulate the ISO in the Asian monsoon region during the boreal summer, which is characterized by prominent northward propagation and off-equatorial westward propagation (Wang and Xie 1998; Hoskins and Wang 2006) . The model results suggest that the northward propagation in the Asia-Pacific summer region is due to northwestward emanation of Rossby waves from the equatorial disturbances when the latter decay over Indonesia and near the Date Line. The vertical shear mechanism (strong easterly shear) induces a northward component from the westward propagating Rossby waves in the northern summer monsoon region. The major drawback of the frictional CID theory lies in its simple representation of diabatic heating between the large-scale equatorial waves and convection.
In addition to the atmospheric dynamics described above, important effect of the air-sea interaction on the MJO was well realized due to the recurrent and pronounced signature of the MJO in the tropical climate. At the early time, a wealth of studies documented the relationships between the MJO, air-sea heat, momentum and mass fluxes, and SST. Later, a number of numerical studies have addressed the role of SST coupling in the MJO due to the fact that the instability of the MJO only exists upon coupling. The interactive SST and surface heat fluxes may also contribute to the eastward propagation of the MJO and the northward propagation of the summer monsoon ISO. The coupled model results suggest that, while atmospheric internal dynamics are essential in generating the ISO, interaction between the atmosphere and ocean mixed layer may further enhance and better organize the eastward propagating MJO and northward propagating monsoon ISO through an additional coupled instability that amplified moist atmospheric lowfrequency perturbations (Hoskins and Wang 2006) . The basic state of the warm pool is conducive to the occurrence of coupled unstable mode in intraseasonal timescales (Wang and Xie 1998) . The wind-evaporation-SST feedback is central to this coupled instability. Recently, Stephens et al. (2004) and Wang (2004) have provided evidence of tropical intraseasonal variability as a self-regulating coupled system. They divided intraseasonal oscillation cycle into three phases or eight phases. For the case of the study made by Stephens et al. (2004) , the destabilization phase, convective phase and restoring phase consititute the cycling selfregulating system in which the corresponding variations of the SST plays an essential role.
As indicated by Waliser (2006) , while there is yet to be overall agreement on a given theory, it appears that most of the essential issues that need to be considered in developing and refining the theories for the ISO have at least been identified. The theoretical development of the ISO is a challenging issue due mainly to the fact that the MJO/ISO involves a multi-scale interaction, namely, it is itself a planetaryscale phenomenon, yet it is apparent that it does not directly organize convection and the convective latent heat release is largely consumed directly by mesoscale and synoptic-scale disturbances. Therefore, it involves in complex multi-scale interaction. Besides, in the process of this energy cascade, complex air-sea interaction and cloud-radiation feedback process may also play an important role in sustaining the ISO.
Interannual variability
The interannual variability of the Asian monsoon is defined as the yearly deviation of seasonal transition from the mean annual cycle (Yang and Lau 2006) . Furthermore, substantial spatial variability exists in the Asian monsoon system, so that several major regional monsoon components or sub-regions are usually divided in order to classify monsoon variability within Asia. Therefore, the interannual variability of the Asian monsoon is characterized by a set of seasonally and spatially varying characteristic features. The interannual variability of the Asian monsoon has a significant impact on the agriculture and economy for many countries in this region. Especially, the interannual vari-ability of seasonal rainfalls has a strong link to the yield, areas under cultivation and the production of agricultural crops through occurrence of the large deficent and excess seasonal rainfalls or extreme events of droughts and floods (Gadgil and Kumar 2006) . Dominant modes or spatial patterns of the interannual variability of the Asian monsoon have been extensively studied based on the fields of wind or circulation, precipitation, temperature, OLR, monsoon indices and other variables, with using different methods including estimates of seasonal standard deviations, EOF analysis, regression analysis and so on. Three dominating modes have been identified: the TBO (the Tropospheric Biennial Oscillation), IODM (Indian Ocean Dipole Mode) and dipole-like variation of precipitation between South Asian and Southeast Asia . In addition to the above modes, the 4-7-yr modes of the interannual variability are also evident, which were extensively studied previously. The TBO signal appears to be a fundamental characteristic of the Asian monsoon rainfall, with increasing rainfall in one summer and decreasing it in the next. But, it is also found in the relationship between the Asian monsoon and other climate phenomena such as ENSO Webster 2005b) . The TBO possesses a characteristics spatial structure, seasonablity and evolutive sequence (Ropelewski et al. 1992; Meehl 1994; Meehl and Arblaster 2002) . In DJF (Fig. 7a) , one can see above-normal SST in the Indian Ocean and the central and eastern Pacific Ocean and below-normal SST in the region to the north of Australia. The SST distribution, related Walker circulations and convective activity resemble those associated with the warm phase of ENSO event. The Eurasian continent is warmer and has less snow, in connection with the establishment of an anomalous high pressure ridge that signals an atmospheric Rossby wave response to tropical heating. In JJA (Fig. 7b ) the warmest SST anomalies shift westward over the equatorial western Pacific and the eastern Indian Ocean which represents La Nina phase. As a consequence, the summer monsoon rainfall increases over South Asia, indicating occurrence of a stronger Indian monsoon. In the following DJF, the SST in the western Pacific reaches it maximum, while the Indian Ocean cooling is most extensive (Fig.  7c ). The increased convection over the western Pacific and northern Australia and weak convection over the Indian Ocean provide forcing to a Rossby wave response characterized by an anomalous trough and a colder, more snowcovered subtropical Eurasia. Thus, in about the time period of one year, the signs of the anomalous monsoon in coupled ocean-atmosphereland system have completely reversed. The cycle is repeated in the next twelve months with the opposite polarities completing a full biennial cycle, but with a weaker Indian monsoon observed in the second JJA. During the life cycle of the TBO, a prominent feature is the biennial alternation between successive strong and weak Indian summer monsoon. Numerous investigators have studied spatial distributions of strong and weak monsoon year and their shifts based on observed analysis. Among them, Fasullo (2004) found that for the strongest monsoon seasons, statistically significant association with the preceding summer rains exist that are consistent with the biennial hypothesis. In contrast, for years following the strongest monsoon seasons, and for years that both precede and follow the weakest monsoon seasons, significant biennial associations are largely absent. It is clear that more work needs to be done regarding biennial variability in the monsoon in order to assert the biennial hypothesis.
A number of mechanisms have been proposed to explain the TBO (Clarke et al. 1998; Chang and Li 2000; Kim and Lau 2001; Meehl and Arblaster 2002; Webster 2005b; Yang and Lau 2006) . Overall, the TBO is likely related to the interaction between the Asian monsoon, the ENSO cycle, and myriad of oceanic and land surface processes, as well as regulation of the interactive processes by the climatological seasonal cycle. Especially, the biennial tendency of the Asian monsoon perhaps is one of important consequences of the ENSO-monsoon system interaction (Lau and Wang 2005, 2006) . Recently, a plausible mechanism through which ocean-atmosphere coupling leads to a TBO has been proposed with coupled ocean-atmosphere GCMs (Wu and Kirtman 2004) . A strong Asian summer monsoon during JJA can enhance surface easterlies in the equatorial central Pacific, induces an eastward propagating upwelling Kelvin wave and give rise to negative SST anomalies in the eastern Pacific that amplifies through air-sea interaction. Cold SST in the eastern Pacific is also associated with warmer SST in the western Pacific. A strong Asian summer monsoon also cools the Indian Ocean through enhanced evaporation and upwelling. Associated intensification of the Walker circulation leads to divergence of moisture supply in the western Indian Ocean. Reduced moisture supply at low levels together with upper level subsidence leads to a weaker Asian summer monsoon during the next summer. A weak Asian summer monsoon induces opposite effects and can lead to a stronger monsoon next year. Thus, the ocean-atmosphere interaction generates interannual variability of the Asian summer monsoon via generation of the TBO signal. Lau and Wang (2005) have also indicated that the interaction of ENSO and seasonal anomalies could contribute to biennial tendency of monsoon system by modulating the coupled atmosphere-ocean environment in the warm Indo-western Pacific region. Nevertheless, still more studies are required to clarify the origion of the biennial oscillation of monsoon-ENSO system.
In addition to the remote ENSO-related ocean-atmosphere interaction, local warm ocean-atmosphere interaction over the Indian Ocean and western North Pacific can also give rise to the interannual variability of monsoon annual cycle. The Indian Ocean dipole or zonal mode (IODM) is a prominent manifestation of such ocean-atmosphere interaction (Saji et al. 1999; Webster et al. 1999 ). This mode is not an equatorially confined zonal mode. The SST dipole is coupled with the south Indian Ocean anticyclonic anomalies (SIO AC). This oceanatmosphere interaction also contributes to a quasi-biennial signal of the monsoon (Loschnigg et al. 2003; Li et al. 2003) . But, the direct contribution of the IODM to the interannual variability of the South Asian monsoon is unclear at this time. The warm atmosphere-ocean interaction is also found in the South China Sea and the western North Pacific (WNP) where the establishment of Philippine Sea anticyclonic anomaly is followed by oceanic warming to its west and cooling to its east Wang and Zhang 2002; Wang et al. 2003) . Figure 8 highlights the common and different atmosphere ocean interaction between the South Indian Ocean and Western North Pacific , based on off-equatorial Rossby waves (RW)-SST feedback mechanism . In the SIO, there is the positive feedback from summer (o) to fall (o), but it turn into the negative feedback from fall (o) to following winter depending on the monsoon basic state. The SIO AC peaks in fall. However, in the WNP, the positive feedback between Rossby waves and SST maintains the Phillppine Sea anticyclonic anomaly and SST dipole after mature El Nino, providing a delayed impacts on the East Asian summer monsoon. The above mechanism implies that the Asian monsoon variations are determined not only by remote ENSO forcing, the local monsoon warm pool ocean interaction also plays a critical role. In this process, the annual reversal of monsoon circulation is another hidden factor that contributes to interannual variability of the Asian monsoon.
Recently, Kawamura et al. (2001) and Annamalai et al. (2005) have examined the local effect and remote influence of Indian Ocean SST variability on Asian monsoons by using an ocean general circulation model (OGCM) and an atmospheric general circulation model (AGCM), respectively. Kawamura et al. (2001) studied the effect of the transition of circulation regime in the tropical Indian ocean from spring to early summer on the inter-annual atmosphere-ocean variabilities in the WNP, including the SCS. They found that in spring before strong Asian summer monsoon, an equatorially asymmetric air-sea coupled mode in the tropical Indian Ocean led to the subsequent cool SST in the northern Indian Ocean and the SCS and warm anomalies in the warm pool east of the Philippines. With establishment of this east-west gradient of SST anomalies, the convection over the warm pool region of the WNP was enhanced. Then, equatorially asymmetric atmospheric waves were excited to the west of anomalously enhanced convection and related heating area, which further induced low-level westerly wind anomalies. This dynamic process facilitates the localization of intense convection through the change in surface latent heat and SST and maintains a positive local atmospheric-ocean feedback system. The model solutions by Annamalai et al. (2005) demonstrate that precipitation variations over the southwest Indian are tied to local SST anomalies and are highly reproductive. Changes in the Indian Ocean-Walker circulation suppress precipitation over the tropical West Pacific-Maritime Continent, contributing to the development of the Philippine and South China Sea low-level anticyclone. This remote forcing from the Indian Ocean SST anomalies offers an additional mechanism for development of the Philippine Sea anticyclone apart from Pacific SST. This mechanism also causes a significant delay in the Indian summer onset in June by 6-7 day through the anomalous subsidence over the Maritime Continent. The seasonal migration of the monsoonal rain bands is one of the central issue of the monsoon-ENSO and monsoon-TBO relationships. The most dominant modes of the climatological variations of summer monsoon rainfall are characterized by various unique regional rain bands such as Meiyu in China, Baiu in Japan, Changma in Korea, and the monsoon trough rain band in South Asia (Ninomiya and Murakami 1987; Ninomiya 2004) . The most dominant mode of the interannual variability of summer monsoon rainfall is associated with a dipole-like variation of precipitation between South Asia and Southeast Asia (Li and Zeng 2002) . The change in precipitation over South Asia (India and the Bay of Bengal) is usually accompanied by an opposite signal over the equatorial Indian Ocean. In East Asia, the precipitation variability over northern China and change in Meiyu over the Yangtze River valley also assumes opposite dipole-like tendency (Lau and Weng 2002; Ding and Sikka 2006) . But, positive-negative-positive meridional mode of precipitation anomaly is of equal importance to the dipole variation (Ding et al. 2007) .
It has been realized that there are three major influencing factors affecting the interannual variability of the Asian monsoon: SST, land surface process and the large-scale climate phenomena (Yang and Lau 2006) . The first two factors reflect the impacts of the slowly varying boundary (or external) forcing from the underlying oceans and land, while the third factor may itself be the result of atmospheric internal dynamics, which is characterized by lowfrequency global variations outside the Asian monsoon system such as the North Atlantic Oscillation (NAO), the Arctic Oscillation (AO), and the Antarctic Oscillation (AAO). As pointed out by Yang and Lau (2006) , among all the external causes of interannual variability of the Asian monsoon, SST is perhaps the leading impacting factor. The effect of SST on the monsoon can be divided into ''remote effect'' by the tropical central and eastern Pacific SST and ''local effect'' by the regional SST of tropicalextratropical oceans near the Asian monsoon. The relationship between the central and eastern Pacific SST and the monsoon is generally regarded as a problem of ENSO-monsoon relationship. During the past decades, extensive studies have been carried out to understand the various aspects of this relationship and responsible physical mechanism. One of the most important results is that the Indian summer monsoon is weaker (stronger) than normal before (after) the peak of an El Niñ o in winter, and that the relationship is opposite for the monsoon and La Niñ a. However, the impact of ENSO on the East Asian monsoon is usually more complex, greatly depending on different stages of ENSO cycle and is often characterized by strong regional features . During a summer at the developing stage of an El Niñ o event, the summer monsoon rainfall is above-normal, often with floods occurring in the Yangtze River and Huaihe River valleys of China, while the summer monsoon rainfall is weak in North China, with drought frequently occurring. In contrast, during a summer at the decaying stage of an El Nino event, the below-normal summer rainfall and associated droughts tends to occur in the Yangtze River and Huaihe River valleys, while the summer monsoon rainfall may be normal or abovenormal in North China, and large positive rainfall anomalies including excessively heavy rainfalls and floods may be observed in the region to the south of the Yangtze River. A better understanding of the ENSO-monsoon relationship (Lau and Wang 2006 ) requires consideration of monsoon-ocean interaction, including annual cycles of both ENSO and the monsoon. The local monsoon-ocean interaction is not only one of fundamental driving mechanisms for the biennial and 4-7-yr variability of the Asian monsoon, but also influences various components of the Asian system through changes in surface heat and moisture fluxes, direct moisture supply, thermal difference between land and oceans, and wavetrains generated by atmospheric heat sources. One good example is the correlative relationship between the Indian Ocean SST and the Asian monsoon, as indicated previously.
Among land surface processes affecting the interannual variability of the Asian monsoon, the most important impacts come from variations of soil moisture and snow cover. Snow cover may have an important effect on the interannual variability of the monsoon because of its ability to alter the surface albedo and to regulate soil moisture (Yang and Lau 2006; Yasunari 2006 ) which in turn can affect the monsoon condition as a persistence signal. The study on snow-monsoon relationship has a long history which is characterized by a negative relationship: the Indian summer monsoon is generally weaker (stronger) than normal when more (less) extensive preceding winter and spring snow cover occurs in Eurasia (Liu and Yanai 2002) . However, such a relationships is argued by Shinoda (2001) who, based on analysis of snow depths over central Eurasia, suggests that such a carryover on the summer monsoon circulation may not be produced directly through land-surface-atmosphere interaction. The springtime soil moisture and snow anomalies over central Eurasia are probably symptomatic of large-scale circulation variations which directly influence the Indian monsoon. In contrast, the preceding winter and spring snow cover or snow days/depths over the Tibetan Plateau have a generally positive relationship with the Asian summer monsoon (Wu and Qian 2003; Ding et al. 2007) . Several GCM studies have found that this region possibly has the greatest carryover influence on the Asian monsoon circulation (Yasunari et al. 1991; Vernekar 1995) . The snow-monsoon relationship was earliest used in seasonal and interannual climate prediction (Bamzai and Shukla 1999) . Finally, we shall briefly discuss the teleconnection patterns which are usually excited by the interannual and intraseasonal variability of the Asian monsoon. A number of the teleconnection patterns have been revealed which are summarized in Table 1 . It can be seen that the origins of most of teleconnection patterns are normally regions of anomalous heat sources produced by significant monsoon rainfalls or tropical convective activities that can generate the Rossby wavetrain to propagate to North America via North Pacific if these heat sources are located north of 20 N ). The other possible mechanism is through heating induced meridional circulation that perturbs mid-latitude jet stream, which in turn excited optimum downstream circulation anomaly mode (Yang et al. 2002; Ding and Wang 2005) . The existence of teleconnection patterns associated with the Asian monsoon clearly indicates remote or global linkage of the Asian monsoon and climate in other regions (Fig. 9) .
Inter-decadal variability
The inter-decadal variability of the Asian monsoon is a long time component of variability on the variety of timescales of the Asian monsoon, generally ranging from 10 years to 100 years. Due to the lack of availability of good quality data for a sufficiently long period, the temporal evolution and spatial patterns of the interdecdal variability is less documented than the other shorter time scale variability, and the impacting factors and mechanisms for it are poorly understood (Goswami 2005b) . The instrumental records of surface observations such as near-surface air temperature, precipitation and surface pressure could be extended back to about 140 years in the Northern Hemisphere, but the upper air data are available for only about 50 years. Therefore, the study of the monsoon inter-decadal variability needs a mix of the high-resolution proxy data (e.g., treering, ice cores and historical documentary records) with the instrumental data to produce a longer time-series and/or spatial patterns as accurately as possible. This is a challenging issue. A better undersanding of the inter-decadal variability is very important in improving the prediction of seasonal-interannual prediction of the Asian monsoon, due to the fact that modulation of the interannual variability by the inter-decadal variability influences predictability of the seasonal mean monsoon which is one of the most important problems in the Asian monsoon region. In addition, the identification of regime shifts and evolution of the monsoon climate state may be used as the necessary background condition for prediction of the seasonal and interannual variability, because the dominant modes of the inter-decadal variability and its shift of monsoon climate regimes may be manifestation of a global coupled oceanatmosphere-land mode of the inter-decadal variability. The decadal-inter-decadal variability contributes to the total variability of the ISO intensity with 20-35% (Zveryaev 2002) .
The inter-decadal variability of ISO activity over the Indian summer monsoon region has a close correspondence with the inter-decadal variability of ENSO-monsoon mode (Krishnamurthy and Goswami 2000; Goswami 2006) . The periods of 1955 The periods of -1975 The periods of and 1980 The periods of -1995 were characterized by systematically higher and lower than normal ISO activity over the Indian monsoon region, respectively. The transition from higher than normal to lower than normal ISO activity took place simultaneously with that of the coupled inter-decadal mode in mid-1970s.
Based on analysis of long records of reliable summer rainfall observations (JJAS) over the Indian continent between 1871 and 2000, the Indian summer monsoon rainfall shows a lack of trend or climate change signal, but contain coherent multidecadal variability with an approximate periodicity of 55-60 years. That may be one of dominant modes of the interdecadal variability in this region (e.g., Goswami 2006) . The tridecades between 1871 and 1900 and between 1930 and 1960 generally saw more above than below-normal rainfall over the country. Frequency of occurrence of largescale floods related to the ISO and highfrequency variability were also higher during these periods. Similarly, the tridecades between 1901 and 1930 and between 1971 and 2000 saw more below than above-normal -(1900-1925) (below 1940-1965) normal inter-decadal epochs, indicating a large spatial scale for the inter-decadal variability of the Indian summer monsoon. It is very interesting to note that the spatial pattern of the inter-decadal variability over the Indian subcontinent has a similarity with the dominant pattern of interannual variability over India (Krishnamurthy and Shukla 2001) . From above evidences revealed in the South Asian monsoon region, the quasi-60-year interdecadal mode is to a certain extent is a robust mode that may be a intrinsic mode of oscillation of monsoon (Goswami 2006) . It is very interesting to note that the interannual variability of both the Indian monsoon and ENSO shows a quasi-60-year inter-decadal fluctuation. Strong correlation ðr ¼ 0:82Þ between the two indicates that the quasi-60-year oscillation is a global mode of variability that modulates activity of both the Indian monsoon and ENSO.
A quasi-50-60-year inter-decadal periodicity is also evident in East Asia based on analysis of 1901-1998 historical rainfall records (MJJA) (Goswami 2006) . Roughly after 1920, the phase of the inter-decadal variability of the East Asian summer monsoon rainfall also has a similarity with that of the South Asian summer monsoon. In East Asian monsoon region (mainly in China) a 60-70-year periodicity of the surface air temperature is very marked (Ding et al. 2006b ). This signal of the 65-70-year periodicity was also found previously in the global temperature record (Schlesinger and Ramankutty 1994) . Thus, the quasi 60-70-year oscillation in both the South Asian summer monsoon and the East Asian summer monsoon may be a manifestation of a global mode of inter-decadal variability. In addition to this period of the inter-decadal variability, a 80-year periodcity The cloud denotes the strong Indian monsoon and the circles represent the circumglobal teleconnection at the upper level. For the first scenario (a), the Indian summer monsoon plays a more active role in affecting the mid-latitude atmosphere. An enhanced Indian summer monsoon initially generates an upper-level anomalous high to its northwest over west-central Asia, and then excites successive downstream cells along the waveguide through Rossby wave dispersion and (b) the second scenario is the means by which the barotropic instability of the westerly jet dominates, while the Indian summer monsoon plays a more passive role in receiving influences from mid-latitude atmosphere. (Ding and Wang 2005) of the summer rainfall and the index of the East Asian summer monsoon in China may exist based on 1873-2000 instrumental observation and 500-year reconstructed summer rainfall time series (Gong and Ho 2003; Wang et al. 2005d; Ding et al. 2007 ).
For the temperature and rainfalls in China, there are also obvious decadal (10-14 years) and 30-40-year periodicity . Furthermore, the East Asian summer monsoon goes through a major regime shift in the midand late 1970s which occurred concurrently with the major climate transition in the tropical Pacific. In addition, in mid-1960s and early 1990s other two regime shifts were also noted (Ding et al. 2007) .
It is well known that the simultaneous correlation between the ENSO event (JJAS Nino 3 SSTAs) and all India rainfalls has remained significantly negative over a long period of time. But, this ENSO-monsoon relationship has decreased sharply over the last two decades and is currently insignificantly small (Krishna Kumar et al. 1999) . Another aspect of this relationship is that even when correlation was strong, the largest correlation occurs with Nino 3 SST following the monsoon season. During recent decades, however, this largest correlation takes place with SST one year prior to the Indian monsoon. This indicates a significant change in the ENSO-monsoon relationship during recent decades. The rapid weakening of the ENSO-monsoon relationship on interannual timescales during the recent decades has been a subject of considerable attention. Goswami (2006) has explored the above changing relation between the ENSO and Indian monsoon in terms of modulation of the ENSO monsoon relationship on interannual time scales by the large-scale circulation changes (the monsoon Hadley and Walker circulations) associated with the inter-decadal variability. On the other hand, the inter-decadal changes in the ENSO-monsoon relationship also have significantly affected the long-term change in summer precipitation in East Asia, with the decrease in summer rainfall in North China and the significant increase in the Yangtze River Basin and South China from the late 1970s and the early 1990s. This change may be caused by the inter-decadal weakening of northward moisture transport which is related to weakening of the Asian summer monsoon under the condition of the obvious warming trend in the equatorial central and eastern Pacific in this period (Wang 2001; Chang et al. 2001; Huang et al. 2004) . Recently, have indicated an overall weakening of the global land monsoon precipitation in last 56 years, primarily due to weakening of the summer monsoon rainfall in the Northern Hemisphere. This result is likely to be a reflection of the weakening of the Asian summer monsoon.
The precise cause of the interdecdal variability are still unclear. Physical mechamisms responsible for quasi 60-year or near-century (e.g., 80-year) periodicity are poorly understood. Some studies (Mehta and Lau 1997; Agnihotri et al. 2002) indicate a possibility of a forcing of the quasi 60-year variability of the monsoon by solar forcing variability over the same timescales. But the solar-monsoon relationship at 50-60-year timescale has not well established. Therefore, one plausible mechanism for the inter-decadal variability of the monsoon is the result of a global coupled ocean-atmosphere mode of variability (Goswami 2005c (Goswami , 2006 . Using long records of Indian monsoon rainfall, global SST, and sealevel pressure data, it is shown that interdecdal variability of both all India rainfall and ENSO (Nino 3 SST) are associated with almost identical global patterns of SST and sea level pressure (SLP). Thus, the inter-decadal variability of the Indian monsoon and that of the ENSO are likely to be parts of a global-scale oscillation on quasi 60-year timescales. Recently, inter-decadal changes in global scale circulation patterns or changes in the circulation over North Atlantic (e.g., NAO or AO) and North Pacific are suggested to be related to interdecadal variability of the monsoon (Krishna Kumar et al. 1999; Chang et al. 2001) . Possible causative mechanisms for the inter-decadal transition of the East Asian summer monsoon have been examined in several studies (Hu 1997; Wu and Wang 2002; Yang and Lau 2004; Huang et al. 2004; Ding et al. 2007 ). Three influencing factors: SST, snow cover in the Tibetau Plateau and changes in large-scale circulation pattern are identified to be associated with the inter-decadal variability in precipitation pattern and the regime shift of the mid-1970s in this region of the Asian monsoon.
Concluding remarks
The major advances in our understanding of the annual cycle/seasonal change and the multi-scale variability of the Asian summer monsoon during recent two decades has been highlighted in the present paper. It can be seen that the change and the variability of the Asian summer monsoon is one of most active areas of research interest in the field of atmospheric science. A substantial achievement has been made in many aspects since the MONEX of 1978-1979. Compared to the MONEX era, the major advances in this problem can be summarized in the following points:
(1) In the context of the global aspect, the climatology of the Asian monsoon system has been widely studied, including mean circulation patterns, moisture transport, and regional features and differences in rainy season. Three sub-systems (the Indian monsoon, the East Asian monsoon and the Western North Pacific) of the huge Asian monsoon system have been identified which are independent of each other and at the same time interact.
(2) The fact that the earliest onset of the Asian summer monsoon takes place in the tropical eastern Indian Ocean-Indochina Peninsula in the early or mid-May has been well documented. As the seasonal march progresses, the onset process propagates northwestward, northeastward and eastward to establish the monsoon rainy seasons in the Indian subcontinent, Southeast-and East Asia and western North Pacific, respectively.
(3) During recent two decades, many new findings of multiscale temoporal and spatial variability of the Asian summer monsoon have been revealed. Among them our understanding of the intraseasonal variability has been substantially improved. Their climatological aspects, evolutive processes, physical mechanism, predictability and prediction have been widely studied with observed analysis and model simulations. The achievements made in these aspects are one of most significant progress of the Asian monsoon research and forecasts.
(4) A better understanding of monsoon physical processes and dynamics has been made. The mean state and its variability of the Asian monsoon system can be well understood and explained in the context of a coupled monsoon system with complex ocean-land-atmosphere interactions. In this coupled monsoon system, the TBO is one of most salient features, and the SST-monsoon relationship and snow-monsoon relationship are of most important relationship manifested in this coupled system resulting from land-monsoon and ocean-monsoon interactions.
(5) Teleconnection patterns and their planetary-scale propagation routes originating in the Asian monsoon region have been revealed. Although the teleconnection modes and steady Rossby wave propagation (e.g., PNA mode) have been known for three decades, the monsoon forced teleconnection patterns have been revealed only in recent 20 years. Its significance lies in that the Asian monsoon not only assumes regional importance in this part of the world, but also it can exert an important effect upon the weather and climate over remote regions (e.g., North China, Japan, North America) which can provide useful precursors for long-range climate prediction in many regions.
Research and prediction of the complex Asian monsoon system will continue to be a goal of long-time endeavour. Future work will be at least directed toward the following five aspects:
(1) Improvement and coordination of observational networks and platforms in the Asian monsoon region. The CEOP (Coordinated Enhanced Observing Period) and WCRP/COPES (Coordinated Observation and Prediction of Earth System) will provide a great opportunity to enhance observational and predictive capability of the Asian monsoon in the future. In addition, the application of satellite data is very essential, especially for the Indian and Pacific oceans, and the Tibetan Plateau. Special regional monsoon field campaigns will be useful to understand the synoptic and physical processes associated with different monsoon weather systems and verify parameterization schemes of physical processes.
(2) Physical processes and mechanisms responsible for the monsoon onset, interactions of multiple-scale monsoon variability, the monsoon-ocean-land relationship, the internal dynamics, and teleconnection patterns. The mechanisms related to the Asian monsoon onset are very complicated. The timing and location of the Asian monsoon onset is influenced by many factors, not just the Tibetan Plateau heating, such as the persisitently external forcing and low-frequency oscillation in the atmosphere (e.g., the MJO). Although the ocean is responding to forcing from the atmosphere, the response is such that a strong feedback to the atmosphere is produced. Due to relatively small year-to-year variability of the South Asian monsoon, the theory of regulation of monsoon rests on negative feedback between the ocean and the atmosphere (Webster 2005b; Wang et al. 2005b ). This feedback governs the amplitude and phase of the annual cycle and also modulates interannual variability. It should be clarified to what degree the interannual variability of the monsoon is coupled to the ocean.
(3) The energy and water cycle in the Asian monsoon and their association with extreme weather and climate events (e.g., droughts, floods and heat wave). Hydrological processes can also provide a new way to validate Asian monsoon simulation.
(4) There is much need in better capability for identification of establishment timing of regional rainy seasons and the abrupt development of meso-scale disturbances embedded in summer monsoon (Johnson and Ding 2005; Ding and Sikka 2006) .
(5) Improvement of monsoon weather and climate prediction and its application to society. Further efforts should be devoted to improvement of model initialization, resolution, physical parameteration, and ensemble techniques Sumi et al. 2005; Krishnamurti et al. 1999 Krishnamurti et al. , 2006 Shukla 2005, 2006) . The multimodel ensemble is a very promising approach for dynamical prediction of the monsoon. However, improvement of initial conditions and model itself is a fundamental precondition. During recent decade, although the emphasis has been shifted to dynamic predictions of the monsoon, the empirical prediction methods of the monsoon are still very important at present time and even for the future. Therefore, in a considerably long time period in the future, the monsoon prediction will use multiple techniques of empirical and dynamical nature. As a long-term background, future changes in the Asian monsoon system under the global warming should be taken into account in the climate research and prediction of the monsoon (Kitoh 2006) . A difficult problem is the subseasonal (15-30 days) prediction which associated with the intraseasonal variability. Many uncertainties are included in simulations and forecasts of the ISV. It is not well understood which condition: initial or surface boundary condition is the main influencing factor. Finally, the application of the monsoon prediction to society, especially for agriculture and water resources management, has been emphasized, although the predictive skill of the monsoon is relatively low (Webster et al. 2005a; Gadgil and Kumar 2006) . The ''useful prediction'' for various users may be obtained through downscaling techniques and thus help estimate risk of the occurrence of some event and make reasonable decisions.
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